Abstract. Twelve healthy subjects underwent hydrogen-1 magnetic resonance spectroscopy ( 1 H-MRS) acquisition (15 × 15 × 15 mm 3 ), diffusion tensor imaging (DTI) with a b-value of 600 s mm −2 , and fat-water magnetic resonance imaging (MRI) using the Dixon method. Subject-specific muscle fiber orientation, derived from DTI, was used to estimate the lipid proton spectral chemical shift. The results of this study demonstrate the variation in muscle fiber orientation and lipid concentrations in these three skeletal muscle types.
Fiber orientation measurements by diffusion tensor imaging improve hydrogen-1 magnetic resonance spectroscopy of intramyocellular lipids in human leg muscles Sunil 
Introduction
The quadriceps vastus lateralis (VL) muscle is the most commonly studied human skeletal muscle in physiological research. Being the largest skeletal muscle and relatively superficial, biopsy samples from the VL have proven to be useful for assays of mitochondrial density, mitochondrial function, and the roles of metabolic substrates in muscle function. 1, 2 Several studies have suggested that a high concentration of intramyocellular lipids (IMCL) could be a useful biomarker for insulin resistance and diabetes. [3] [4] [5] [6] However, bench studies on excised tissues cannot differentiate the IMCL, which are found within lipid droplets located close to myofibers in skeletal muscles, from the extramyocellular lipids (EMCL), which are located in skeletal muscle between fiber bundles and as interstitial lipid deposits. Despite the fact that the link between metabolic syndrome and the density of EMCL adipocytes is less clear, total skeletal muscle fat fraction also has been proposed as a biomarker for disease progression in metabolic syndrome and dystrophy. [7] [8] [9] Localized hydrogen-1 magnetic resonance spectroscopy ( 1 H-MRS) is routinely used to measure the relative concentrations of IMCL and EMCL in muscle in situ, and to assess the total lipid and fat/water fraction.
1 H-MRS can discriminate IMCL from EMCL due to a susceptibility-induced adjustment in the chemical of EMCL from fat deposits aligned along the main, B o magnetic field. 10 However, 1 H-MRS studies have often been carried out on the lower leg, focusing on the soleus (SO) and tibialis anterior (TA) muscles, rather than on the VL. One reason for this is the higher variability of muscle fiber orientation in the VL, which results in reduced susceptibilityinduced shifts and broadened EMCL resonances, which limit the ability to identify IMCL signals.
The various skeletal muscles of the leg differ significantly in their proportions of muscle fiber types, which may also vary by location and can change with age. Electron microscopy and histochemistry analyses have shown that oxidative type I fibers are characterized by higher lipid content and contain more mitochondria, suggesting that IMCL droplets can serve as a rapid, available energy source for mitochondrial oxidation.
Diffusion of water molecules within and across the muscle fibers can be modeled as a diffusion tensor ellipsoid. The direction of maximum diffusion, i.e., the principal direction of diffusion, can be directly obtained by computing the eigenvectors ðε 1 ; ε 2 ; ε 3 Þ and eigenvalues ðλ 1 ; λ 2 ; λ 3 Þ of the tensor. The pennation angle (PA) of muscle fibers then can be determined by assuming that the fiber orientation coincides with the direction in which diffusion is least restricted, which is specified by the primary eigenvector ε 1 , corresponding to the largest eigenvalue, λ 1 , with the superior-inferior axis of the subject (z-axis in the magnet reference frame). The orientation of EMCL, found in skeletal muscle between fiber bundles and as interstitial lipid deposits, can be indirectly assessed by estimating the muscle fiber PA, deduced from the diffusion of water molecules within the fibers using diffusion tensor imaging (DTI). [13] [14] [15] While 1 H-MR spectroscopy presents the metabolite concentration in a large volume of muscle, MR imaging methods, such as two-point Dixon magnetic resonance imaging (MRI), provide high-resolution three-dimensional (3-D) depictions of muscle fat composition. Studies on calibrated phantoms and direct correlation with fat percentage levels with gas chromatography analysis suggest that fat fraction FF (%) measurements from MRI studies are accurate. [16] [17] [18] The purpose of the current study is to determine the typical differences in normal IMCL, EMCL, and total lipid concentrations in human VL, SO, and TA muscles using 1 H-MRS and DTI on a 3-T MRI system. The secondary aim is to validate that MRI-based fat fraction measurements in the VL, SO, and TA muscles and determine their direct correspondence to localized 1 H-MRS fat fraction measurements in the same muscles.
Methods
Twelve healthy subjects (8 males, 4 females; age: 29.85 AE 6.96 yr old, body mass index: 24.58 AE 3.89 kg m −2 ) were studied. Informed consent was obtained from all study subjects following institutional review board approval. The exclusion criteria included typical contraindications for MRI (e.g., pacemakers and other potentially dangerous implanted devices), musculoskeletal disorders, muscle anomalies, a history of prior surgeries, and muscle trauma that necessitated medical attention within the last 6 months. To minimize differences in the hydration of the muscles, subjects were asked to refrain from participating in intense physical activities during the 48 h before the study.
MRI Protocol
All MRI and 1 H-MRS studies were performed on a 3.0 T MRI scanner (TIM Trio, Siemens Healthcare, Malvern, Pennsylvania) using a four channel wrap-around receive-only array coil. Subjects were oriented in a supine position with the right leg placed as close to the center of the table as possible. Sandbags and foam blocks were used to stabilize the leg to avoid motion artifacts and compression of the leg muscles. MR images and spectral data were acquired separately from the thigh (VL) and calf (SO and TA) muscles. The coil was fixed to the magnet table in a reproducible position to ensure similar positioning for all of the subjects. For each voxel placement, automated shimming, water suppression, and transmit-receive gain was optimized, followed by manual adjustment of gradient shimming with water line-widths of 20 Hz deemed acceptable. The coil then was shifted to the lower leg and similar acquisitions were performed on the SO and TA muscles (Fig. 2) . DTI images were acquired using a single-shot spin echo echo-planar imaging sequence with 30 directions of diffusion sensitization with TR ¼ 4500 ms, TE ¼ 83 ms, b-value ¼ 600 s∕mm 2 , FOV ¼ 250 mm × 250 mm, matrix size ¼ 128 × 128, α ¼ 90 deg, 12 axial two-dimensional slices, slice thickness ¼ 5 mm, NSA¼1, BW¼1502Hz∕pixels, and inter echo spacing¼ 0.73 ms for a total scan time of 2′24″. The center slice position for DTI images was fixed relative to the center of the voxel used for spectroscopy. DTI acquisitions included axial T 2 -weighted images with a b-value ¼ 0 s · mm −2 . Parallel imaging (GRAPPA) was used with an acceleration factor (R ¼ 2) to shorten the effective TE, ameliorating magnetic susceptibility artifacts. Spectral adiabatic inversion recovery was used to suppress the fat signal and reduce chemical shift artifacts.
A slice-position matched axial T 1 -weighted turbo spin echo (TSE) MRI sequence (TR∕TE ¼ 700∕25 ms, matrix size ¼ 512 × 384, FOV ¼ 250 mm × 250 mm, slice thickness ¼ 5 mm, refocusing rf pulse ¼ 120 deg, 12 slices; TSE factor ¼ 4, BW ¼ 250 Hz∕pixels, NSA ¼ 1, R ¼ 2, acquired in 1′42″), was used to 
Data Analysis

Diffusion tensor imaging
DTI postprocessing was performed with the FMRIB's diffusion toolbox (FDT) from the FMRIB software library (FSL, Oxford, UK). 19 DWI data was inspected for artifacts and corrected for voxel mismatches prior to calculation using a 12-parameter (translation, rotation, scale, and shear) affine transform with baseline reference images. Smoothing was performed on the DWI voxel intensities using a 3 × 3 volume median rank filter to preserve the edges of the image and flatten homogeneous regions using the Mango image analysis package, 20 developed in-house.
Noise correction was applied to the smoothed signal intensity (S) of each voxel S cor ¼ ðS 2 − M 2 Þ 1∕2 , where M is the mean signal out of an ROI containing only background noise. This procedure is especially useful for images with a relatively low signal because the equation for calculation of b-value does not consider the background noise. A binary filter was used to avoid artificially bright pixels in regions outside the mid-thigh slices. The binary filter was defined by a polygon tracing the outer contours of the thigh and the diffusion values were set to zero for the pixels outside the contour.
The positive definite, symmetric 3 × 3 diffusion tensor was derived on a voxel-by-voxel basis from the combination of the baseline and DWI images. The effective diffusion tensor was derived from ½S b ¼ S ðb0Þ × expð−b ij D ij Þ by least-squares fitting to a multivariate linear regression model using the DTIFIT toolbox, where S b is the signal intensity in the presence of the diffusion gradients and S ðb0Þ is the baseline (b ¼ 0) image. DW images and their corresponding b-matrix (b ij ) were used to estimate diffusion tensor D ij , which was diagonalized to yield the eigenvalues ðλ 1 ; λ 2 ; λ 3 Þ and corresponding eigenvectors ðε 1 ; ε 2 ; ε 3 Þ for each pixel. The diffusion weighted images were registered to high-resolution, T 1 -weighted anatomical reference images, and derived diffusion index maps were obtained using 3-D rigid-body transformation. Figure 3 depicts the T 1 W, DWI, and primary eigenvector (ε 1 ) components of the thigh and the lower leg. The angle made by the muscle fiber, the PA that was specified by the primary eigenvector ε 1ðx;y;zÞ , corresponded to the largest eigenvalue (λ 1 ) using a 15 mm × 15 mm × 15 mm ROI. The PA (θ) was estimated using θ ¼ arc cosðε 1 v 1 Þ where v 1 ¼ ð0;0; 1Þ is the unit vector in the z-direction. ROI locations and DTI image slices were registered to the 1 H-MRS voxel position. The theoretical chemical shift between lipid compartments ranges from δ ¼ 0.26 ppm (for fibers aligned parallel to B 0 ) to δ ¼ −1.3 ppm (for fibers aligned perpendicular to B 0 ) according to (3 cos 2 θ − 1). The estimated δ was determined from PA measurements in the selected voxel.
Hydrogen-1 magnetic resonance spectroscopy spectral analysis
Proton MR spectra acquired from healthy subjects in VL, SO, and TA were fitted using the java-based MR processing framework, jMRUI 5.0. 22, 23 The proton chemical shifts of all metabolite resonances in the muscle were referenced to water protons set to 4.8 ppm. Water suppressed (WS) spectra were filtered using the Hankel-Lanczos single-variable decomposition method and apodization (2.5 Hz Gaussian). 24 Metabolite signals were analyzed by using the AMARES fitting algorithm within jMRUI. 25 Six metabolites peaks were fit to Lorentzian line shapes with soft-constraints on line widths: (1) IMCL─CH 3 methyl resonance at 0.9 ppm (7 to
molecule triglyceride methylene resonating at 1.5∕1.3 ppm and 9 protons/molecule triglyceride methyl resonating at 0.9∕1.1 ppm) to adjust the amplitudes of (─CH 2 ─) and (─CH 3 ─) peaks. A variable chemical shift (δ) was defined for methylene and methyl IMCL and EMCL resonances in the spectral processing algorithm based on the muscle fiber orientation derived from the PA measurements. AMARES estimation with the above-stated fitting constraints resulted in minimal residual errors (<5%).
Resting muscle creatine (Cr─CH 3 at δ ¼ 3.02 ppm) from the WS spectra and water resonance (H 2 0 at δ ¼ 4.8 ppm at 37°C) from the WR spectra, obtained from the same voxel, were used as the internal references for the quantification of lipid metabolites. The concentration of creatine (Cr) is assumed to be 30 mmol∕kg ww: in muscle tissue. 26 The concentration of water (∼40 mmol∕g ww:) was estimated as described previously from physical standards:
27 density ¼ 1.0 g∕ml, molecular weight ¼ 18 g∕mol, assuming a water content of 76% of the voxel in muscle tissue, and specific density of muscle tissue ¼ 1.06 g∕ml ww. The IMCL─CH 2 resonance at ca 1.3 ppm and the EMCL─CH 2 resonance at 1.5 ppm were used to estimate lipid/water, lipid/Cr spectral ratios and relative concentrations (mmol∕kg ww:) from the area under each spectral peak. 28 Spectral intensities of lipid and water peaks were corrected assuming published T 1 and T 2 relaxation times for TA, SO and VL. [27] [28] [29] IP and OP images acquired at different TE in thigh and lower leg regions were converted into individual fat and water images using the MRI system's algorithm. A raw data filter was used to suppress the Gibbs artifact. Fat and water images were corrected for T 1 , flip angle (α) and noise bias as previously described. 30 Images were corrected for bias field/RF inhomogeneities using FSL automated segmentation tool with a smoothing filter (FWHM ¼ 20 mm) and noise correction applied. The fat/water fraction was calculated on a pixel-by-pixel basis with FF MRI ð%Þ ¼ S fat ∕ðS water þ S fat Þ × 100%, where S fat is the total fat signal based on a single fat-peak model and S water is the total water signal.
Statistical Analysis
All measurements were expressed as mean AE SEM. Comparisons of PA (θ), chemical shift (δ), IMCL, EMCL, total lipids, and fat fractions in SO, VL, TA muscles were performed using one-way ANOVA with pairwise Bonferroni corrections. Lipid ratios measured relative to Cr and H 2 O were evaluated using a Student's t-test. The relationship between FF MRI versus FF MRS was assessed using linear regression analysis and Pearson product-moment correlation. Bland-Altman analysis of agreement in fat fraction between two-point Dixon MRI and long TE 1 H-MRS was expressed in terms of the bias, limits of agreement (LoA) and confidence intervals (CI). 31, 32 All statistical analyses were performed using R 3.0.2 statistical software. 33 A p < 0.05 was considered to indicate a significant difference between the measurements.
Results
Estimated PAs (θ) and chemical shifts (δ) between EMCL and IMCL for SO, VL, and TA muscles are presented in Table 1 .
Significantly higher angular muscle fiber orientations (p < 0.001) were found in VL (mean AE SD: 23 Derived chemical shift (δ) from primary eigenvector (ε 1 ) maps were higher in TA (0.19 AE 0.01), and were in good agreement with the δ's observed in TA muscle, with clear separations between EMCL and IMCL methylene resonances. In VL (0.15 AE 0.01) and SO (0.17 AE 0.01) decreased EMCL-dependent δ's (due to higher variations in fiber orientation along their length) were found and this effect resulted in broadened EMCL resonances in most of the spectra.
Chemical shift was significantly different between the three muscles (p < 0.001). Using the prior knowledge correction for fiber orientation, the spectral ratios for IMCL∕Cr─CH 3 were: VL (4.10 AE 0. 49 Table 1 . No significant differences were observed between the lipid concentrations estimated using water and Cr as internal references (Fig. 4 ). Significant differences were observed in IMCL, EMCL, and total lipid measurements pairwise comparisons in SO versus TA p < 0.001 and VL versus TA p < 0.009, but not between SO versus VL p < 0.122. Significant differences were observed in FF MRS (p < 0.001) in SO, VL, and TA muscles [ Fig. 4(d) ], but pairwise comparisons revealed no significant differences between the two measurement methods [ Fig. 5(a) 
Discussion
The results of this study demonstrated differences in the VL, SO, and TA muscles with regard to muscle fiber orientation, IMCL, EMCL, and total lipid concentration levels in 12 healthy individuals. Higher angular orientation of the muscle fibers was present in VL followed by the anterior SO medial compartment and the lowest average orientation was determined in TA, in agreement with previous studies. This study also validated the relationship between measured muscle fat fraction obtained by the two-point Dixon MRI and values determined using 1 H-MRS.
The precision of IMCL quantitation can be improved by estimating the chemical shift displacement caused by muscle fiber orientation and using this prior knowledge during the spectral fitting procedure. 29 Recently Khuu et al. 21 exploited the variation in muscle fiber orientation in their IMCL, EMCL spectral lineshape analysis and showed that this strategy improved estimates of IMCL/EMCL ratios and IMCL concentrations in SO muscle. Boesch et al. 26 have used 1 H-MRS imaging to determine muscle fiber orientation and its effect on orientation dependent dipolar-splitting and metabolite intensities in human calf muscles, correlating PA with IMCL content. These studies described the muscle type and composition dependence on PA and their relationship to determining IMCL content. IMCL and total lipid-measured using muscle creatine as internal reference. Fig. 4 1 H spectrum of the VL and TA muscles processed by AMARES. (a) Chemical shift (δ) estimated from diffusion tensor imaging (DTI) measurements of these muscles were used in prior knowledge constraints for spectral fitting. (b) Fitted estimate spectrum, (c) individual components, and (d) residues can also be seen. Better separation between IMCL and EMCL peaks were seen between TA and were well-agreed with δ derived from DTI.
Noehren et al. 15 investigated VL muscle in ten healthy subjects at 3T using DTI with reported PA values in the range 9.5 deg to 21.5 deg and Kan et al. 34 reported muscle fiber orientation in VL to be 18.7 deg AE6.6 deg (range: 11.9 to 25.2) in four healthy subjects using a b-value of 500 s∕mm 2 at 3T. Lansdown et al. 35 reported TA PAs of 9.5 deg in superior and 11.9 deg in deep compartments at 3T in eight healthy subjects. 1 H-MRS fat fraction measured within SO, VL, and TA muscles. (*p < 0.05, error bars are SEM). IMCL*, EMCL*, and total lipid* concentrations: measured using water as reference; IMCL**, EMCL**, and total lipid** concentrations: measured using muscle creatine as internal reference. fiber orientation heterogeneity within different muscles, with the study population and placement of the region of interest for voxel-based measurements being contributing factors. The resultant chemical shifts derived from PAs in the current study were δ ¼ 0.19 ppm for TA, δ ¼ 0.17 ppm for SO and δ ¼ 0.15 ppm for VL and were consistent with values previously reported for these muscle groups.
26
Several 1 H-MRS studies in the past have compared IMCL estimated in the TA, SO, and gastrocnemius muscles with the muscle biopsy triglyceride content obtained from VL. However, the current study is the first to directly compare 1 H-MRS VL lipid estimates in SO and TA muscles in the same subjects in a uniform manner. The IMCL∕Cr─CH 3 , IMCL∕H 2 O, EMCL∕Cr─CH 3 , EMCL∕H 2 O in VL, SO, and TA measured in the current study are consistent with the results from normal healthy subjects observed in these previous studies. (Table 2 ).
In general, the spectral fitting procedures utilized in published studies have been performed using a fixed chemical shift (0.2 ppm) between IMCL and EMCL, which ignores the effects of fiber orientation on EMCL resonance. This approach is usually acceptable for lipid measurements in the TA muscle, which has an almost parallel fiber orientation, but is prone to higher systematic errors in VL and SO. Our study has effectively incorporated the resultant variation of δ due to muscle fiber orientation within the voxel and estimated the IMCL lipid in order to improve precision.
The IMCL estimates from the 12 healthy normal-weight subjects in this study were significantly higher in SO and moderately greater in VL compared to TA. This dependence is attributed to greater oxidative metabolism and a higher number of type I (slow-twitch oxidative fibers, more triglyceride content) and type IIa (oxidative/glycolytic) in SO and VL, Similar studies performed on SO reported 88% type I fibers and 70% type IIb fibers in TA muscles. However, fiber types within specific muscle are nonuniformly distributed and the voxel positioning within the muscle during 1 H-MRS acquisition can also contribute to variability in lipid measurements in VL, SO and TA muscles across cohorts. In general, specific muscle differences in lipid content from noninvasive 1 H-MRS acquisitions cannot be attributed solely to fiber type differences, but will also be dependent on the fiber orientation and the acquisition region of interest.
The fat fractions measured from 1 H-MRS and two-point Dixon MRI were found to be significantly correlated in SO (r ¼ 0.655), VL (r ¼ 0.794) and TA (r ¼ 0.897) muscles at p < 0.05. Bland-Altman plots showed a slight overestimation of small fat-signal fractions (bias: −0.21% for VL and −0.13% for TA) and underestimation of high fat-signal fractions (bias: 0.025% for SO). These results suggest that 3-D MR imaging methods have the potential to yield fat fractions representative of muscle fat content that effectively approximate those obtained from the reference method, localized 1 H-MRS. The current study has some limitations. The T 1 and T 2 relaxation effects of lipids and water resonances in VL, SO, and TA were corrected using relaxation time values from the literature and were not measured in the current study subjects. The fat fraction estimates in this study may suffer from systematic errors caused by the magnitude calculation in cases of very low signal values. However, we did not find the corresponding deviation patterns to play a major role in comparisons of two-point Dixon fat fractions without T 2 * correction with 1 H-MRS fat fractions. Validations done in this study with two-point Dixon MRI corrected for flip angle and T 1 bias provided good agreement with the results obtained from 1 H-MRS. Since 1 H-MRS and 3-D imaging methods are necessarily acquired with different receiver bandwidths, the VOI's were not perfectly aligned at the data analysis stage, an issue that is inherent to all current comparisons of spectroscopy and imaging based methods. We also note that there are more advanced Dixon-based fat-water imaging approaches now available, which may result in improved precision of the fat fraction measurements.
IMCL has been shown to be homogeneously distributed as spherical droplets within the muscle fibers by several published studies. 6, 26 However, in one IMCL study, investigators noted that inappropriate voxel positioning within the SO might result in EMCL signal bleeding or overlap which could hamper accurate IMCL estimation. 44 In some cases, Lorentzian fitting of the 1 H-MRS data augmented by information on the DTImeasured PA may not be sufficient to fit the data properly: In a recent study, conducted in calf muscles at 7T, severe overestimation of the IMCL was shown to be possible in muscles with high PA dispersions. 21 Given differences in field strength, muscles studied, voxel positioning, software algorithms, and prior knowledge used, the degree to which PA dispersion effects the present results is unclear but warrants further study.
In conclusion, the results of this study are in agreement within the range of muscle lipids observed in previous studies in healthy normal glucose tolerant subjects. Fat-water ratios, estimated from two-point Dixon MRI, proved to be valid after correcting for T 1 and noise bias, providing strong correlations and good concordance with localized 1 H-MRS results. Noninvasive 1 H-MRS, combined with DTI, provided subjectspecific, fiber orientation dependent IMCL quantification. These results suggest that MRI/MRS measures can be a useful tool to provide insights on the relationships between skeletal muscle structure and metabolism.
